As immunotherapy has gained increasing interest as a new foundation for cancer therapy, some atypical response patterns, such as pseudoprogression and hyperprogression, have garnered the attention of physicians. Pseudoprogression is a phenomenon in which an initial increase in tumor size is observed or new lesions appear, followed by a decrease in tumor burden; this phenomenon can benefit patients receiving immunotherapy but often leads to premature discontinuation of treatment owing to the false judgment of progression. Accurately recognizing pseudoprogression is also a challenge for physicians. Because of the extensive attention on pseudoprogression, significant progress has been made. Some new criteria for immunotherapy, such as irRC, iRECIST and imRECIST, were proposed to accurately evaluate the response to immunotherapy. Many new detection indexes, such as ctDNA and IL-8, have also been used to identify pseudoprogression. In this review, the definition, evaluation criteria, mechanism, monitoring, management and prognosis of pseudoprogression are summarized, and diagnostic and treatment processes for patients with progression but with a suspicion of pseudoprogression are proposed; these processes could be helpful for physicians in clinical practice and enhances the understanding of pseudoprogression.
Introduction
Immunotherapy has changed the treatment status of cancer therapy, and several clinical trials have shown that immunotherapy can prolong the survival of patients with advanced cancer [1] [2] [3] . In 2011, the monoclonal antibody (mAb) ipilimumab, which targets cytotoxic T lymphocyte antigen 4 (CTLA-4), was approved for advanced melanoma, and, one by one, many immunotherapy agents have been approved for clinical use 4, 5 . Compared to chemotherapy, immunotherapy exhibits a significant advantage in disease control and overall survival (OS) for cancer patients and has become the standard of care for melanoma, non-small cell lung cancer (NSCLC), head and neck squamous cell cancer (HNSCC) and so on 1 . For example, pembrolizumab, an antibody targeting programmed death ligand 1 (anti-PD-L1), was approved as a first-line therapy in NSCLC with PD-L1 expression on at least 50% of tumor cells and achieved a median progression-free survival (mPFS) 4.3 months longer than that achieved with platinum-based chemotherapy 6,7 . Durvalumab, another anti-PD-L1 mAb, has a 17.2-month mPFS for consolidation treatment after chemoradiotherapy in advanced NSCLC 8 .
Despite the dramatic achievement in immunotherapies, especially with anti-CTLA-4/PD-L1/PD-1 agents, some atypical response patterns, such as pseudoprogression and hyperprogression, have been described 9-12 . The early and precise recognition of pseudoprogression can prevent the premature discontinuation of immunotherapy and ensure a better benefit from immunotherapy. This review mainly discusses pseudoprogression in cancer immunotherapy and focuses on the mechanism, evaluation criteria, detection and prognosis of pseudoprogression. Diagnostic and treatment processes for patients who receive immunotherapy but meet progressive disease (PD) criteria are also proposed; these processes could be helpful for physicians to accurately Pseudoprogression is an unconventional response pattern that can occur in gliomas treated with chemoradiotherapy and in essentially all tumors treated with immunotherapy 13, 14 . When solid tumors are treated with immunotherapy agents, pseudoprogression is the phenomenon in which an initial increase in tumor size occurs or new lesions appear, followed by a decrease in tumor burden; these changes can be confirmed by tumor biopsy or a continuous radiography scan [14] [15] [16] [17] . According to the time at which the tumor shrinks, pseudoprogression is categorized as early and delayed pseudoprogression; the former is defined as a ≥ 25% increase in tumor burden at imaging assessment within 12 weeks from the start of immunotherapy but is not confirmed as PD per immune-related response criteria (irRC) at the next imaging assessment, whereas the latter is defined as a ≥ 25% increase in tumor burden at any imaging assessment after 12 weeks but is not confirmed as PD per irRC at the next imaging assessment 18 .
The incidence of immunotherapy pseudoprogression in clinical trials was 2.78%−9.69% for melanoma, 1.81%−5.77% for NSCLC, 2.86%−8.82% for renal cell carcinoma, 1.49%−7.14% for urothelial carcinoma, 11.11% uveal melanoma, 1.79% for HNSCC, 1.14% for Merkel cell carcinoma and 6.90% for mesothelioma ( Table 1) . Until now, the exact reasons for the variation in pseudoprogression incidence for different tumors were unclear. The variations of the definition for pseudoprogression across the literature are partly responsible for the variation in the reported incidences, and the clinical and biological characteristics of different tumors may also affect the incidence of pseudoprogression. The demographic characteristics and immunotherapy agents may also be involved in the variations of pseudoprogression. In addition, there are also some sites of pseudoprogression specific to the tumor type, such as brain metastasis pseudoprogression of lung cancer and renal cell carcinoma, after immunotherapy 45, 46 . In addition to the common pattern of pseudoprogression, some unconventional pseudoprogression patterns also exist; for example, Ozaki et al. 47 found that a patient with metastatic melanoma treated with nivolumab experienced early pseudoprogression on liver lesions and delayed pseudoprogression on peritoneal nodules. This phenomenon suggests that pseudoprogression can occur throughout the entire treatment process. Although there is work regarding the treatment of pseudoprogression with a single immunotherapy agent, there have been reports of two patients with lung cancer brain metastasis pseudoprogression after receiving the combination of nivolumab and ipilimumab; this phenomenon was confirmed by a continuous radiography scan 48 . This finding reminds us that more studies on pseudoprogression after combined immunotherapy are needed.
Evaluation criteria of pseudoprogression after immunotherapy
Accurate response evaluation criteria are paramount for precise tumor treatment. In 1979, the WHO criteria were first proposed to evaluate the treatment response for tumors 49 . Then, response criteria for tumor treatment were proposed and repeatedly revised [50] [51] [52] . Owing to the wide use of immunotherapy in tumors, some atypical response patterns that cannot be described by the WHO criteria or RECIST guidelines were reported 53 . For an accurate identification of the response pattern, irRC, iRECIST and immune-modified response evaluation criteria in solid tumors (imRECIST) were proposed based on previous guidelines 19, 54, 55 .
irRC were first proposed in 2009 and are based on the WHO criteria and clinical observations with anti-CTLA-4 immunotherapy for advanced melanoma 19 . irRC, which follow the bidimensional measurement of WHO criteria, evaluate tumor burden by the sum of the two largest perpendicular diameters (SPD) in the first evaluation and the SPD of all index lesions and the index lesions of new, measurable lesions at every subsequent tumor assessment. The irPD criteria need additional confirmation by a repeat, consecutive assessment no less than 4 weeks from the date first documented. After the tumor response was evaluated simultaneously with the WHO criteria and irRC guidelines, 22 of 227 patients had PD per the WHO criteria but met an objective response per the irRC guidelines (5 had irPR, and 17 had irSD). This outcome can prevent the premature use of ipilimumab for individuals with an objective response and guarantees a benefit for patients treated with immunotherapy 19 . In addition to the bidimensional irRC criteria, unidimensional irRC criteria, proposed by Nishino et al., measure the longest diameter and obtain results that are highly concordant with bidimensional irRC criteria; furthermore, the unidimensional irRC criteria were more reproducible than bidimensional irRC criteria 56 .
iRECIST guidelines were developed in 2017 to provide a consistent framework for the management of data collected in clinical trials of immune-based therapy. They proposed two specific response patterns: unconfirmed progressive disease (iUPD) and confirmed progressive disease (iCPD). iUPD is defined as PD per the RECIST v1.1 criteria that is not confirmed at the follow-up imaging assessment within 4-8 weeks. iCPD is defined as the appearance of another new lesion or a further growth of the new lesion that appears at the most recent imaging assessment, target lesions and nontarget lesions that appear at the subsequent assessment within 4-8 weeks, or an increase of ≥ 5 mm in the target lesions. iCR, iPR and iSD were assigned based on the RECIST v1.1 criteria. iRECIST guidelines proposed a status of iUPD, which would allow continuation of treatment and follow-up more closely to better benefit patients 54 . imRECIST guidelines were designed to better capture immunotherapy responses and were proposed in 2018 on the basis of the RECIST v1.1 and irRC guidelines, which defined PD as a ≥ 20% increase in the sum of the longest diameters (SLD) of the target lesions and new lesions compared with baseline/nadir (minimum recorded tumor burden), which can be negated by subsequent non-PD assessment ≥ 4 weeks from the date first documented. Patients are allowed to continue immunotherapy when they meet PD based on RECIST v1.1 or imRECIST guidelines and if they do not have any deterioration in performance status or signs or symptoms of unequivocal PD or PD at sensitive sites. This finding is also supported by the case report of Rebuzzi et al. 57 , which describes an advanced renal clear cell cancer patient who had a support performance status treated with nivolumab, upon which the patient achieved clinical benefit and exhibited a delayed radiological response after initial progression. Moreover, when imRECIST-defined PFS (imPFS) is analyzed, imRECIST PD or death is considered an event; however, imRECIST PD is not considered an imPFS event if the time point response at the subsequent scan (≥ 4 weeks later) is imRECIST SD/PR/CR. imRECIST PD followed by no additional assessment is considered an imPFS event. The same article also evaluated trials that used atezolizumab and found that patients with PD per the RECIST v1.1 guidelines alone had better OS than those with PD per both the RECIST v1.1 and imRECIST criteria; for example, a longer median OS of 4.4 months was observed in IMvigor210 patients with PD by RECIST v1.1 alone versus those with PD per both the RECIST v1.1 and imRECIST guidelines 55 . Table 2 summarizes the response evaluation criteria mentioned above. Here, we refer to the WHO criteria and RECIST v1.1 guidelines as conventional evaluation criteria and consider irRC, iRECIST and imRECIST as immunotherapy evaluation criteria. Upon comparison of immunotherapy evaluation criteria with conventional evaluation criteria, two obvious differences were found. In the immunotherapy evaluation criteria, the new lesions do not always represent PD, and they are incorporated with the target and nontarget lesions to calculate the response pattern. In addition PD does not always indicate the discontinuation of treatment (there is a potential benefit from the treatment beyond PD, and PD must be confirmed by a repeat assessment no less than 4 weeks from the date first documented) 19, 50, 52, 54, 55 . Although several immunotherapy evaluation criteria have been proposed, the diagnosis of pseudoprogression is still based on the change in tumor burden, and immunotherapy evaluation criteria should be widely considered and used in clinical practice by physicians to correctly determine the response to immunotherapy.
Mechanism of pseudoprogression after immunotherapy
Although there are many studies on pseudoprogression, there is still no consensus on its exact molecular mechanism 27,33 . Cohen et al. 58 described a patient with melanoma brain metastasis who was treated with pembrolizumab and presented a mental status change 11 days thereafter. Magnetic resonance imaging (MRI) of the brain showed the enlargement of central nervous system lesions with intense central enhancement and diffuse perilesional edema. The histologic evaluation of a resected left parietal-occipital lesion revealed isolated clusters of tumor cells surrounded by reactive astrocytosis, scattered inflammatory cells, and an abundance of microglial cells, which was consistent with the response to treatment rather than tumor growth. The patient passed away 3 weeks later due to a deterioration in performance status but was considered to exhibit pseudoprogression in the brain metastases 58 . Rocha et al. described a patient with stage IV squamous cell lung cancer with pseudoprogression who was treated with nivolumab and exhibited a discordant response (partial response in the central nervous system and stable lung disease) but a significant increase in liver lesions. Pathologic findings of the liver lesions revealed extensive areas of necrosis, no viable tumor cells, and the presence of lymphohistiocytic infiltrate.
In the liver biopsy, the number of CD4-, CD8-and CD103positive cells was increased, the ratio of CD4/CD8 T cells was decreased (from 1.25 to 0.875), and CD68 staining indicated a higher proportion of macrophages 59 . These authors showed the differential infiltration of inflammatory cells in individual patients, which may be dependent on the location of the lesions with pseudoprogression and the distribution of special inflammatory cells. Other cases also exhibited necrosis, hemorrhage, edema and immune cell infiltration in lesions with pseudoprogression 16, 17, 60, 61 . As mentioned above, the major mechanism of pseudoprogression is the infiltration of immune cells, such as CD4 T cells, CD8 T cells and macrophagocytes; tumor necrosis; hemorrhage and edema. The purported mechanism of pseudoprogression after immunotherapy is summarized in Figure 1 .
According to recent studies, pseudoprogression can occur in metastatic lesions, such as those found in brain, liver, kidney, lung, pancreas, spleen and lymph node metastatic lesions of other primary tumors; it can also occur in primary lesions, such as lung cancer and renal cell cancer; and, in some patients, it can present with pleural effusion and ascites 16, [62] [63] [64] [65] [66] [67] . However, the exact details about the organ tendency of pseudoprogression are unknown. In addition, it is unclear whether there is organ tendency in sites with pseudoprogression; furthermore, if there is, it is unknown what drives organ tendency, the kinds of primary tumors, the immunogenicity of the organ or other factors. There is an urgent demand for accurate data on the incidence of pseudoprogression in every organ and in all kinds of tumors to guide clinical decisions and to identify pseudoprogression. We also want to know whether the different immunotherapy agents can influence the incidence of pseudoprogression, and, if there are, what are the factors that control these differences.
Although pseudoprogression has attracted much attention, only a few studies have focused on the clinical characteristics of patients who develop pseudoprogression. Nishino et al. 27 reported that four patients with pseudoprogression were younger than the other patients (median age 46 years versus 63 years); moreover, the study also found lower tumor burden at baseline in patients with pseudoprogression than in the other patients. However, this study was not convincing enough because of the small sample size of patients with pseudoprogression 27 . In addition to the age of patients with pseudoprogression, other factors, such as sex, immune status and tumor characteristics, may be associated with pseudoprogression. We also seek to determine whether there is a difference in pseudoprogression with the use of first-line, second-line or further-line immunotherapy and whether the incidence of pseudoprogression is different when immunotherapy is combined with other treatments, such as chemotherapy, radiotherapy and targeted drug therapy.
How to distinguish pseudoprogression from real progression
Although many studies on pseudoprogression after immune checkpoint inhibitor therapy describe pseudoprogression in different kinds of tumors, until now, there has not been a uniform identification standard for pseudoprogression. New evaluation criteria, such as irRC, iRECIST, and imRECIST, were proposed to better identify pseudoprogression for tumor immunotherapy, but they all have some limitations; for example, there is a time delay for confirmation because these criteria need at least 4 weeks for identification after finding the first progression, which may lead to deterioration of the disease and the performance status of patient. Thus, the best opportunity for other treatments may be lost. The variability between the imaging method used, especially for small or new lesions, is also a limitation. There is a burning desire for the precise and timely diagnosis of pseudoprogression, and the next section discusses potential useful methods to identify pseudoprogression for immunotherapy in tumors.
Biopsies of enlarged lesions or new lesions
The combination of biopsy and histopathologic examination has always been the gold standard for tumor diagnosis and is also used to confirm pseudoprogression. Tabei et al. 60 reported a patient with renal clear cell carcinoma treated with nivolumab who experienced enlarged pulmonary hila, paraaortic lymph nodes, subcutaneous lesions, and a new hepatic lesion. Histologic evaluation of excised subcutaneous lesions revealed extensive hemorrhaging in the tumor tissue and a large number of mature lymphocytes that infiltrated metastatic foci, leading to necrosis and/or cellular death; these factors were responsible for the enlarged lesions. This case was confirmed as pseudoprogression according to the histopathologic examination 60 . There are also other cases of progression that were confirmed as pseudoprogression by biopsy and histologic examination 37, 68, 69 . Although the combination of biopsy and histologic examination is the gold standard for pseudoprogression, there are also some limitations for its clinical use. First, biopsy is an invasive procedure that can result in serious complications, such as hemorrhage, infection and other specific complications according to the site of puncture. Second, poor compliance may cause a patient to refuse biopsy because of invasion or a fear of puncture; a poor performance status is also a contraindicatio for puncture. Third, although biopsy is a standard for pseudoprogression, there is also a possibility of puncture failure, which also differs according to the experience of the physician and the exact location of lesion in the patient. In addition, the appropriate time to perform a biopsy is also a challenge for physicians. The disadvantages mentioned above limit the use of biopsy.
Radiographic follow-up
Compared with biopsy, radiographic follow-up is a more common method for estimating pseudoprogression. Mamdani et al. reported a 79-year-old man with hepatocellular carcinoma who was treated with nivolumab. Baseline CT showed two liver lesions and no extrahepatic lesions, and the restaging CT assessment after 4 cycles of nivolumab showed an increase in the size of the liver lesions but no new lesions. The patient continued nivolumab treatment due to a lack of other effective treatments. After 8 cycles of nivolumab, physicians found a significant decline in tumor size and a continued decrease after 12 cycles. The patient remained stable until the last restaging (after 19 cycles; 9 months), which is a successful case of pseudoprogression that was monitored by radiographic follow-up 70 . There are also reports of some patients who experienced progression but were proven to have pseudoprogression via continuous immunotherapy and radiographic follow-up 63, 64, 71 . In addition to these case reports, some clinical trials selected patients who experienced PD after immunotherapy (presented with a better Karnofsky performance status (KPS) score, progression associated with the appearance of new lesions, normal lactate dehydrogenase concentrations, longer time to progression and a higher likelihood of disease control) to be treated beyond progression and found a decrease in target lesions at the follow-up; moreover, these patients who were treated beyond progression experienced longer OS than those not treated beyond progression, which also supports the use of continued immunotherapy in addition to standard radiographic follow-up [72] [73] [74] [75] . To summarize the studies mentioned above, physicians usually continue treatment for patients who have a better KPS score and do not experience a deterioration in performance status while closely performing imaging follow-up. Clinical practice, the most common way to monitor pseudoprogression, offers several benefits. First, it is a convenient and noninvasive method for physicians and patients to monitor tumor evolution. Additionally, through continuous imaging, we can obtain an intuitive understanding of tumor growth kinetics. Second, in patients with pseudoprogression, continuous immunotherapy can achieve a better clinical benefit than discontinuing immunotherapy. Some shortcomings should not be ignored, such as continued immunotherapy can accelerate the progression when the patient experience a hyperprogression, which can also impede the use of effective treatment for those who are really progression. Some patients may also be worried about progression and ask to change treatment urgently, which exacerbates the difficulty of continuing immunotherapy. In summary, some disadvantages in continued immunotherapy and radiographic follow-up exist, but they also have incomparable advantages in the monitoring of pseudoprogression.
Imageologic examination
In addition to radiographic follow-up, there are also other radiographic examination methods that can be used to distinguish pseudoprogression. Serkova 78 . Both patients experienced an increase in lesion size but a decrease in blood flow ratio and continued nivolumab immunotherapy, and the lesion sizes gradually decreased. Ultimately, both patients were confirmed to have pseudoprogression. We conclude that US is another way to distinguish pseudoprogression and progression because of its advantage in blood flow detection, as blood flow can represent tumor growth in several ways. However, there are some limitations to the use of US. First, US can only be used in some superficial or subcutaneous lesions; for example, subcutaneous metastasis or metastasis in the regional lymph node, liver, many deep organs or organs with air cavities cannot be well detected. Second, the reliability of US can differ depending on the operator. Regardless of these shortcomings, the convenience and economic impact of US may accelerate the use of US in evaluating superficial organs or subcutaneous lesions to identify pseudoprogression.
In addition to MRI and US, PET-CT may also be a potential way to identify pseudoprogression, as it has been widely used to evaluate the tumor response to immunotherapy and was proposed by PERCIMT evaluation criteria [79] [80] [81] . Additional studies are expected to propose a better evaluation criterion for the identification of pseudoprogression.
Circulating tumor DNA
Circulating tumor DNA (ctDNA) is derived from tumor DNA following the apoptosis and/or necrosis of cancer cells in tumor patients and includes a variable fraction of circulating cell-free DNA 82, 83 . The detection of ctDNA can be used to estimate tumor burden, tumor mutational burden (TMB), microsatellite instability (MSI) and some rare mutations [84] [85] [86] [87] . Lee et al. 88 performed a study to detect the association between immunotherapy pseudoprogression and the level of ctDNA. The study reported PD in 29 of 125 melanoma patients treated with immunotherapy, 9 of whom were confirmed to have pseudoprogression. All 9 patients with pseudoprogression had a favorable ctDNA profile, whereas all but 2 patients with true progression had an unfavorable ctDNA profile. There is a high sensitivity and specificity of ctDNA to predict pseudoprogression 88 . Goldberg et al. 89 also reported a study comparing longitudinal changes in ctDNA levels with radiographic tumor size in 28 metastatic NSCLC patients receiving immune checkpoint inhibitor therapy. They found a strong consistency between the ctDNA response and the optimal radiographic response. The median time to the initial response among patients who achieved a response in both categories was 24.5 days and 72.5 days by ctDNA and imaging, respectively 89 . There are also some studies on the level of ctDNA and the tumor immunotherapy response, which revealed good consistency between ctDNA and tumor burden [90] [91] [92] .
To summarize the studies mentioned above, we can conclude that ctDNA has the potential to serve as a biomarker to reflect tumor burden and assess the efficacy of immunotherapy. Moreover, ctDNA can be used to distinguish pseudoprogression from progression, with high sensitivity and specificity; therefore, the ctDNA level could better distinguish pseudoprogression and progression than radiographic follow-up in some ways. First, ctDNA is released from the apoptosis and/or necrosis of cancer cells, which can reflect tumor burden; this was proven by the study mentioned above. It could be better than radiographic follow-up because an enlarged lesion can sometimes contain infiltrating immune cells, necrotic tissue and edema. Second, ctDNA can distinguish pseudoprogression and progression earlier than radiographic imaging because it reflects tumor burden in real time, while radiographic imaging can detect an enlarged lesion that has shrunk before the radiographic follow-up, which is responsible for the longer time needed to confirm pseudoprogression. Third, the detection of ctDNA is convenient for physicians and patients, as it only requires the collection of venous blood. Notwithstanding the superiorities that exist, there are some shortcomings of ctDNA. First, the number of studies on ctDNA and pseudoprogression is limited; until now, only a few studies have revealed a relationship between the two. More studies are needed to establish criteria for the tumor response using ctDNA; for example, a 50% reduction in ctDNA from baseline or an undetectable ctDNA level, as mentioned above, can be regarded as a ctDNA response 88, 89 . Second, at present, the detection of ctDNA depends on next-generation sequencing, which is expensive for clinical use; this requires the creation of an economical detection method. In brief, ctDNA can be a useful way to distinguish pseudoprogression from progression, but it still has some limitations.
Serum IL-8 levels
Interleukin-8 (IL-8) was originally described as a chemokine that attracts the infiltrate of polymorphonuclear inflammatory leukocytes, but it is now known to be mainly produced by tumor cells and to exert a pro-and antitumor role through the formation of neuroendocrine tumors (NETs) in tumor patients 93, 94 . Sanmamed et al. 95 evaluated the relationship between changes in the serum IL-8 level and the response of melanoma and NSCLC to immunotherapy and found that a change in the serum IL-8 level can correctly reflect the tumor response to immunotherapy. Early decreases in serum IL-8 levels were associated with longer OS in patients with melanoma or NSCLC. In addition, in this study, changes in serum IL-8 also correctly reflected true responses in three patients who experienced pseudoprogression. Although there was an increase in the target lesions during pseudoprogression, the serum IL-8 level was continuously decreased compared to that at baseline, and a patient with increased serum IL-8 levels eventually developed PD 95 . We conclude that the IL-8 level may be a biomarker for the true tumor response and has the potential to distinguish pseudoprogression and progression. When a patient presents enlarged target lesions but a decrease in serum IL-8 levels, pseudoprogression must be considered. IL-8 detection is convenient and economical, and additional studies are needed to optimize the diagnostic criteria for the tumor response to immunotherapy when changes in serum IL-8 level are used.
Performance status of the patient
There are different opinions about the patient's performance status and pseudoprogression. Some researchers believe that pseudoprogression is not accompanied by a deterioration in the clinical or performance status with weight loss, fever, night sweats, and increased pain; in fact, they believe these symptoms reflect true progression 10 . Additionally, others have reported that patients with a good performance status experienced pseudoprogression 63, 65 . However, there are many case reports in which patients with pseudoprogression experienced clinical deterioration, such as weight loss and dyspnea 16, 71, 96 . In summary, the performance status is believed to be a clinical manifestation that can be the result of the mass effect caused by enlarged lesions or some effusion, which can be explained by either PD or enlarged lesions caused by the infiltration of inflammatory cells and/or the presence of necrotic tissue. The performance status could be a reference for clinical decisions but should not be a major factor in the determination of pseudoprogression. Perhaps there are some pseudoprogression-specific clinical manifestations we have not yet discovered, and additional studies are needed to better comprehend and manage patients with pseudoprogression.
As mentioned above, there are many methods used to distinguish pseudoprogression and progression, and we summarize the advantages and disadvantages of these methods in Table 3 . Among them, biopsy of enlarged lesions is a standard method; radiographic follow-up is the most commonly used method; ctDNA and IL-8 detection has the advantage of convenience; imageologic examination, such as MRI, PET-CT and US, has the potential to identify pseudoprogression; and the patient performance status is a reference for clinical decision making. In addition to these methods being mentioned for the identification of pseudoprogression, there are also some factors that should be considered when making clinical decisions, including TMB, PD-L1 expression, MSI, the T cell invigoration to tumor burden ratio, and changes in tumor biomarkers, such as CEA, CA-125, and CA-199 [97] [98] [99] [100] [101] . In our opinion, due to the lack of enough information on pseudoprogression, all the biomarkers used to predict the tumor response to immunotherapy can be used as references when determining whether a patient has PD or pseudoprogression, and a diagnosis and treatment process for PD after immunotherapy can be determined according to the methods mentioned above (Figure 2 ).
Prognosis of pseudoprogression
Only a few studies have focused on prognosis, but they have not reached a consensus about the prognosis of pseudoprogression; several studies reported better OS in patients with pseudoprogression than those with PD 27,28,31,34 . Tazdait et al. 34 described 20 of 160 NSCLC patients treated with immunotherapy who experienced an atypical response; among them, 8 experienced pseudoprogression, and they observed longer OS in patients with pseudoprogression than in those with confirmed PD (9.8 months versus 6.1 months). Fujimoto et al. 31 reported that 3% (14/542) of NSCLC patients treated with nivolumab experienced pseudoprogression and that these patients had significantly longer OS than those with PD (not reached versus 6.4 months, respectively) and longer OS than patients who responded (not reached versus 20.1 months), although the difference was not significant. Kurra et al. retrospectively assessed 365 tumor patients treated with anti-PD1, anti-PD-L1 and anti-CTLA4 and found that the 1-year OS was 58%, 82%, 33% and 81% for patients with SD, PR, PD and pseudoprogression when evaluated with irRC. This finding supports a better prognosis of pseudoprogression than SD and PD 102 . Upon reviewing the mechanism of pseudoprogression, we know that pseudoprogression can be caused by immune cell infiltration, necrosis, hemorrhage and edema; among these, immune cell infiltration indicates a good response to immunotherapy 9 . Therefore, by estimating immune cell infiltration, we can infer that pseudoprogression may represent a better response to immunotherapy than other response patterns and that a better response pattern also portends a better prognosis. Based on the studies and mechanisms mentioned above, patients with pseudoprogression have a better prognosis than those with true progression or stable disease, but whether it is better than that in patients who achieve a PR or CR after immunotherapy is not clear. We expect that further studies will provide more information about the prognosis and propose better management strategies for patients with pseudoprogression.
Conclusions
As it is an uncommon phenomenon, pseudoprogression is an atypical response that exists not only in tumors treated with immunotherapy but also in malignant gliomas treated with chemoradiotherapy and in tumors treated with tyrosine kinase inhibitors 13, 103 . As a clinical phenomenon, pseudoprogression is a challenge for both physicians and patients. In this article, we mainly introduce the definition, evaluation criteria, mechanism, recognition and prognosis of tumor pseudoprogression after immunotherapy. To date, research on pseudoprogression remains limited, and there is a lack clear knowledge of the relationship between clinical and tumor characteristics. What is responsible for the different incidences of pseudoprogression for different tumors is still not clear. The identification of pseudoprogression is a vital issue for clinical physicians.
Although some progress has been made, consistent criteria for monitoring pseudoprogression have not been established, and comprehensive evaluation criteria is required before implementation in clinical practice. As observed in several studies, the prognosis of patients with pseudoprogression is better than that of patients with true PD or SD, but whether it is better than that in patients who achieve a PR or CR to immunotherapy is not clear. Thus far, the exact mechanism(s) of pseudoprogression are unclear, although it is known that enlarged lesions of pseudoprogression consist of infiltrating immune cells, hemorrhage, necrosis and edematous tissue. However, the specific molecular mechanisms involved in pseudoprogression are unclear, as MDM2/MDM4 amplification is involved in hyperprogression after immunotherapy 104 . It is possible that specific molecules in the infiltrating immune cells exist and can be activated more easily by immunotherapy. When assessing the response via radiographic follow-up, a patient can present an enlarged lesion that shrinks at the follow-up assessment, but it is unknown whether the enlarged lesion consists of immune cell infiltrate and necrotic tissue or only enlarged tumor tissue (which is true progression) that shows a response at the following assessment. The composition of the enlarged lesions cannot be assessed except by biopsy and histologic examination. It is possible that some patients experience true progression but respond later, although we do not have such a report; therefore, it is difficult to determine whether a shrunken lesion represents pseudoprogression or true progression with a delayed response. Considering the mechanism of pseudoprogression, the infiltration of immune cells can reflect the activation of immune cells, and hemorrhage, necrosis and edematous tissue can also reflect a response to treatment; however, there is no report on whether any difference (e.g., in incidence or prognosis) between pseudoprogression and true progression with a delayed response exists.
Although there has been great progress in tumor pseudoprogression after immunotherapy, many problems also urgently need to be solved, and we expect further studies to elucidate the mechanism of pseudoprogression and provide better management for patients with pseudoprogression. 
